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INTRODUCI! I O N  
Th i s  paper d i scusses  two s e r i e s  of ground based microwave 
radiometer  measurements performed by t h e  J e t  Propuls ion  Laboratory 
i n  cooperat ion with t h e  U n i v e r s i t y  of  Nevada,. The s t u d i e s  were 
conducted a t  t h r e e  wavelengths i n  a  v a r i e t y  of t y p i c a l  sands and 
g r a v e l s .  I n  na ture ,  t h e  aicrowave r a d i a t i o n  from an  ob.iect i s  
a complex f u n c t i o n  of composition, moisture and temperature,  a l l  
as a func t ion  of  depth,  and of su r f ace  cover,  su r f ace  geometry and 
sky b r igh tnes s  temperature.  It i s  d i f f i c u l t .  t o  i n t e r p r e t  t h e  
microwave s i g n a t u r e  from a n a t u r a l  s i t e  without  understanding t h e  
e f f e c t s  con t r ibu ted  by each o f  t h e s e  i n d i v i d u a l  parameters .  Hence, 
t h e  experiments were c o n t r o l l e d  t o  permit examination of t h e  e f f e c t s  
of  a s i n g l e  parameter a t  a time on t h e  microwave r a d i a t i o n .  The 
two parameters s tud ied  were p e n e t r a t i o n  depth and moisture e f f e c t s .  
Added t o  t h e  complexity of  i n t e r p r e t i n g  t h e  microwave r a d i a t i o n  
i s  t h e  problem of measuring it. I f  radiometer  measurements a r e  t o  
be v a l i d  independent of measurement system parameters ,  t hen  they  
must be a b s o l u t e l y  c a l i b r a t e d ;  t h a t  i s ,  e f f e c t s  due t o  antenna 
beam energy d i s t r i b u t i o n s  and systems l o s s e s  must be removed. This  
can be a complex ope ra t ion ;  however, t h e  experiment designed a l s o  
permi t ted  a  s i m p l i f i e d  c a l i b r a t i o n  technique.  I n  summary, our 
experimental  approach was t o  minimize t h e  complexity of  t h e  radiometer  
c a l i b r a t i o n s ,  i s o l a t e  i n d i v i d u a l  t a r g e t  parameters ,  and make maximum 
use of e x i s t i n g  equipment. 
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EXPERIivENDES CRIPTION 
The experiments were conducted f o r  t h r e e  weeks during t h e  
summer of 1970 wi th  t h r e e  dua l -polar ized  microwave radiometers  
ope ra t ing  a t  0.95, 2.8 and 2 1  cm wavelengths ( s ee  F igure  1). The 
radiometers  were mounted fou r  meters above t h e  t a r g e t  on an antenna 
p o s i t i o n e r  on t h e  f r o n t  of a t r u c k .  They viewed a  con t ro l l ed  
t a r g e t  a r e a  formed by a 2.4 x 2.4m box wi th  movable s i d e s  f o r  accura te  
v a r i a b l e  depth con t ro l .  The e l e c t r o n i c s  tsere contained i n  t h e  t r u c k .  
The r e a l  t ime d a t a  system u t i l i z e d  a  PDP3 computer which ga there6  
d a t a  from t h e  data/programmer, punched it i n  raw form, per f  orxed 
r e a l  t ime c a l c u l a t i o n s  and output ted  c a l i b r a t e d  da t a .  
The measurements were made i n  t h e  v i c i n i t y  of Pyramid Lake,  50 knnl 
no r theas t  of lieno, Yevada. The l ake  provided a wide v a r i e t y  of n a t u r a l l y  
so r t ed  and man-made sands and g rave l s  and had low l e v e l s  of RFI which 
i s  p a r t i c u l a r l y  important a t  t he  2 1  cm wavelength. 
Two s t ages  of c a l i b r a t i o n  were u t i l i z e d .  A r e l a t i v e  c a l i b r a t i o n  
v a l i d  over t h e  s h o r t  term (5-15 min) was e s t a b l i s h e d  by per ioGica l ly  
viewing two i n t e r n a l  hea ted  sources c o n t r o l l e d  a t  appro;:imately 45 
and 1 0 0 ~ ~ .  Th i s  c a l i b r a t i o n  i s  r e l a t i v e  because t h e  antennas wi th  
t h e i r  s ide lobes  and gene ra l ly  >ride beams r ece ive  energy from sources 
o the r  t han  t h e  t a r g e t  a r e a  as ind ica t ed  i n  Figure 2. Also,  l o s s  
i n  t h e  components up t o  and inc lud ing  t h e  i n t e r n a l  c a l i b r a t i o n  switches 
modify t h e  incoming r a d i a t i o n .  To remove t h e s e  e f f e c t s ,  two p o i n t ,  
l i n e a r  abso lu t e  c a l i b r a t i o n s  were accomplished externally by replacing 
t h e  t a r g e t  a r e a  wi th  two sources of knovrn microwave b r igh tnes s  
temperature.  I n  t h i s  experiment,  an  aluminum shee t  was t h e  "cold" 
source ,  and a  microwave absorber  t h e  "vrarm" source.  Using t h e  i n t e r n a l  
c a l i b r a t i o n s  only,  t h e  temperature pred ic ted  f o r  t h e  p l a t e  i s  gene ra l ly  
warmer than  t h e  c o r r e c t  value,  O'K, as sho>m i n  I'igure 3. 
The r e s u l t  i s  t h e  use of an i n c o r r e c t  c a l i b r a t i o n  which was o f f  
by a s  much as 5C7; f o r  t h e s e  experiments.  By fo rc ing  t h e  d a t a  t o  f i t  
a t  t h e  two known e x t e r n a l  p o i n t s ,  a  c o r r e c t  abso lu t e  c a l i b r a t i o n  f o r  
t h e  t a r g e t  a r e a  was e s t a b l i s h e d .  (Xote: By f o r c i n g  a f i t  t o  O'K, 
sky con t r ibu t ions  a r e  a l s o  removed. The c a l i b r a t i o n  technique i s  
more f u l l y  descr ibed  i n  Reference 3. ). 
I d e a l l y ,  t h i s  i s  a one time c a l i b r a t i o n .  It was gene ra l ly  
accomplished once o r  twice  per  experiment. Use of t h i s  technique,  
:.rhici~ g r e a t l y  s i m p l i f i e d  t h e  c a l i b r a t i o n ,  i s  s u b j e c t  only t o  t h e  
condi t ion  t h a t  t h e  background r a d i a t i o n  be i n v a r i e n t  dur ing  t h e  
per iod  between c a l i b r a t i o n s .  
RFSULTS : PETETRATION DEPTH 
The f i r s t  s e r i e s  of measurements was t o  determine the  e f f e c t i v e  
depth o f  r a d i a t i o n  f o r  a number of sands and g rave l s .  fileasurements 
were made by viewing a meta l  p l a t e  w i th  varying depths of m a t e r i a l  
placed on it i n  a c c u r a t e l y  con t ro l l ed  plane p a r a l l e l  l a y e r s .  A 
t h e o r y  based s t r i c t l y  on i n t e n s i t y  of r a d i a t i o n  p r e d i c t s  t h a t  t h e  
microwave b r igh tnes s  temperature,  TB, w i l l  i nc rease  exponen t i a l l y  
w i th  i n c r e a s i n g  th i ckness .  The p e n e t r a t i o n  depth i s  twice  t h e  t h i c k -  
ness requi red  t o  reach t h e  l / e  e x t i n c t i o n  po in t  (Reference 1 ) .  
Consequently, t h e  experiment was devised t o  use doubling thiclrnesses  
s t a r t i n g  a t  one cm. It was qu ick ly  found t h a t  po in t s  d id  not  behave 
smoothly a s  expected and t h e  th i ckness  increments were reduced t o  
examine more c l o s e l y  what was happening. As a  r e s u l t ,  increments 
a s  low a s  0.8 cm were used over t h e  range 0-32 cm. 
The r e s u l t s  i n  Figure 4 show an o s c i l l a t i n g  behavior ,  p a r t i c u l a r i l y  
no t i ceab le  a t  2 1  cm f o r  t h i s  f i n e  sand. The f r i n g e  amplitude w i l l  
d isappear  wi th  inc reas ing  p a r t i c l e  s i z e .  However, it s t i l l  e x i s t s  a t  
2 1  crn when p a r t i c l e  s i z e  i s  on t h e  order  of $ wavelength as seen i n  
Figure 5 .  
The r e s u l t s  can be modeled t h e o r e t i c a l l y  by so lv ing  f o r  t h e  r e -  
f l e c t i v i t y ,  which i s  r e l a t e d  t o  e m i s s i v i t y  and hence microwave 
b r igh tnes s  temperature.  Standard textbook s o l u t i o n s  of Mamiell 's  
Equations (Reference 2 )  f o r  r e f l e c t i v i t y  f o r  p lane  p a r a l l e l  l ayered  
i s o t r o p i c  media y i e l d  t h e  t h e o r e t i c a l  curve shown i n  F igure  4. 
Although no at tempt  was made t o  optimize a  f i t ,  c o r r e l a t i o n  between 
the  two curves i s  e x c e l l e n t  a s  evidenced by t h e  zero  s lope  a t  t h e  
o r i g i n ,  broader n u l l s  t han  peaks f o r  t h e  smal l  va lues  of l a y e r  
th ic lmess ,  and gene ra l  agreement i n  t h e  values of t h e  maxima and 
minima. 
It i s  noted t h a t  t h e  t h e o r e t i c a l  maxima-minima e::cursions a r e  
g r e a t e r  t h a n  t h e  experimental  r e s u l t s  f o r  l a r g e r  va lues  of t h i ckness .  
Since t h e  21-cm radiometer  measurements a r e  not  a t  a s i n g l e  frequency 
bu t  over a 10$ band of f r equenc ie s ,  t h i s  "smearing" of t h e  h igher -order  
f r i n g e s  would be eAxpected and can e a s i l y  be included i n  t h e  model. 
A two dimensional f i t  of t h e  d a t a  t o  t h e  model i s  be ing  s tud ied  
a s  a p o t e n t i a l  method of determining t h e  microwave p r o p e r t i e s  of  
ma te r i a l s  i n  bull<. Extension of t h i s  work could l e a d  t o  t h e  d e f i n i t i o n  
of a  technique f o r  remotely determining l a y e r  t h i ckness  i n  c e r t a i n  
n a t u r a l l y  layered  systems such a s  s ea  i c e .  The p e n e t r a t i o n  depth 
measurements and r e s u l t s  a r e  more completely descr ibed i n  Reference 
3. 
I3;ESULTS : I . IOISTUZ EFFECTS 
An in2ependent s e r i e s  of measurements designed t o  i s o l a t e  t h e  
e f f e c t  of n o i s t u r e  contenJi i n  a smooth uniform sand were performed 
i n  the  same 2.11- :; 2.1: a conta iner  without  t he  aluminum r e f l e c t o r .  
The measuremcnJis were conducted i n  a  t e n  cm th i ckness  of m a t e r i a l  
by mixing i n  calcul-ated amounts of water ,  smoothing t h e  su r f ace ,  
measuring t h e  b r igh tnes s  temperature a t  both p o l a r i z a t i o n s ,  and 
c o l l e c t i n g  Five sanlples f o r  de t e~ rn in ing  t h e  moisture content  a t  
t h e  feu? corners  and cen te r  of t h e  t a r g e t  a r ea .  The r e s u l t s  f o r  
Ilono, Pyramid, and J-unction Sands a r e  shown i n  Figures  5 and 6. The 
hoTizon ta l  l i n e s  r ep re sen t  t h e  spread i n  va lues  of moisture a s  a per-  
cent  of d r y  weight obtained f o r  t h e  dry  f i v e  samples. The curves 
t y p i c a l l y  show no e f f e c t  u .nt i l  moisture i s  above approximately fou r  
percent .  Er ightness  temperature t hen  decreases  wi th  inc reas ing  
moisture i n  a  somewhat l i n e a r  f a sh ion  a t  r a t e s  ranging from 1.5 t o  &. 8'1~ per  1:i change i n  rnnisJcure content  ( s ee  Table 1 f o r  v a l u e s ) .  
Table 2 l i s t s  t h e  p r o p e r t i e s  of' t h e  m a t e r i a l s  d i scussed  i n  t h i s  r e p o r t .  
Sand 1 1 ::i i:: ::: 
Junc t ion  3 -1  3.9 
Table 1: Rate of Decrease i n  Br ightness  Temperature 
wi th  Inc reas ing  Moisture Content (-OK/~$) 
The s h o r t e r  rfavelengLhs with smal le r  pene t r a t ion  depths are 
more s e n s i t i v e  t o  t h e  su r f ace  v a r i a t i o n s  caused by evaporat ion,  water  
migrat ion,  and roughness. Th i s  i s  e s p e c i a l l y  no t i ceab le  i n  t h e  r a t e s  
and s c a t t e r  f o r  t h e  d a t a  from blono Sand which was very permeable and 
hence dra ined  r ap id ly .  Zecause of t h e  deeper pene t r a t ion  depths a t  
2 1  cm, t h e  wooden bottom of t h e  con ta ine r  had. an  inf luence  on t h a t  
da t a .  This  i s  p a r t i c u l a r i l y  no t i ceab le  a s  a  ''warn" anomaly i n  t h e  
2 1  cm da ta  f o r  moistures  around 1655. 
It was d i f f i c u l t  t o  o b t a i n  a p e r f e c t l y  smooth su r f ace  f o r  t h e  
h igher  va lues  of moisture.  To check t h e  e f f e c t s  of roughness, a  
rake rsas passed over  t h e  su r f ace  p a r a l l e l  t o  t h e  d i r e c t i o n  of h o r i z o n t a l  
p o l a r i z a t i o n .  The spacing between t h e  furrows was appro::imately two 
cm. As shown i n  Figure 7 ,  t h e  e f f e c t s  due t o  moisture e s s e n t i a l l y  
disappear  a t  0.95 and 2 .8  crn where t h e  wavelength i s  on t h e  order  o f ,  
o r  s h o r t e r  t han ,  t h e  furrow spacing.  A t  2 1  cm where t h e  furrow spacing 
i s  on t h e  o rde r  of 0 .1  wavelengths,  t h e  e f f e c t  i s  smal le r  but  s t i l l  
apparent .  V e r t i c a l l y  po la r i zed  d a t a  sho~ i s  s i m i l a r  r e s u l t s .  
This  paper  has summarized t h e  r e s u l t s  of two of a s e r i e s  of con- 
t r o l l e d  experiments performed i n  t h r e e  weeks during t h e  summer of 
1970. The f i r s t  s e r i e s  of experiments t o  determine p e n e t r a t i o n  depth 
shoved t h e  va lue  of having a modeled response and d a t a  reduced i n  
r e a l  t ime f o r  examination i n  t h e  f i e l d .  This  c a p a b i l i t y  permit ted 
a mod i f i ca J~ ion  of t h e  experimental  approach when t h e  d a t a  shoved t h a t  
r e s u l t s  d i d  not conforril w i th  expec ta t ions  and l ead  t o  a  cieteiled 
examination of t h e  i n t e r f e r e n c e  e f f e c t  discussed he re in .  The r e s u l t s  
suggest  a rad iometr ic  method f o r  measuring t h e  microbrave. p r o p e r t i e s  
of ma te r i a l s  i n  bulk  and a r e  app l i cab le  t o  s t u d i e s  of s e a  i c e  and 
o the r  n a t u r a l l y  layered  media. 
The s e n s i t i v i t y  of t h e  microwave emission t o  changes i n  moisture 
content  has  i n s p i r e d  a number of a i r b o r n e  and ground based i n v e s t i g a t i o n s .  
Although t h e  e f f e c t  i s  dorninent under c e r t a i n  condi t ions ,  t h e  compli- 
c a t i n g  f a c t o r s  of s o i l  t ype ,  roughness,  vege ta t ion ,  e t c .  seem t o  
govern t h e  conclusions regard ing  i t s  a p p l i c a t i o n  a t  t h i s  t ime.  Ob- 
v ious ly ,  t h e  na tu re  of  t h e  proposed technique a f f e c t s  t h e  l i k e l i h o o d  
of i t s  success .  For i n s t ance ,  monitoring moisture i n  a smooth m a t e r i a l  
has a good chance f o r  quick a p p l i c a t i o n .  F h i l e  t h i s  may not be 
p r a c t i c a l  i n  na tu re ,  it may be i n  process  c o n t r o l  such a s  monitoring 
t h e  cur ing  of concrete .  
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Concerning a p p l i c a t i o n s  i n  the n a t u r a l  environment, experiments 
which use repea ted  observa t ions  on an  a r e a  a s  c a l i b r a t i o n s  f o r  f u t u r e  
observa t ions  of t h e  same a r e a  have a g r e a t e r  chance of success  t han  
those  which propose remote determinat ion of s o i l  moisture over an  
unknown a rea .  Considerat ion of roughness e f f e c t s  and p e n e t r a t i o n  
depth i n d i c a t e  t h e  d e s i r a b i l i t y  of using longer  wavelength radiometers  
f o r  s o i l  moisture and c e r t a i n  o the r  a p p l i c a t i o n s .  
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Figure  7. Mois ture  Effects  f o r  Smooth and Rough Junction Sand 
